InGaN single-crystal films-were grown on (0001) plane sapphire substrates at 800 "C! by metalorganic vapor phase epitaxy. By using such a high temperature for growth, the crystalline quality has been greatly improved. But a high nitrogen over pressure and high indium source flow rate were necessary to achieve significant indium incorporation, during growth. For the first time, photoluminescence has been observed in InGaN, and near-band edge emission is seen in the photoluminescence at 77 K. From this photoluminescence, the dependence of a near-band edge emission on the indium mole fraction of InGaN has been investigated.
The shortest wavelength semiconductor lasers have been reported at 550 nm at 77 K, constructed with a multiquantum well (MQW) structure of InGaAlP' and this value is near the limit for currently developed of III-V semiconductor materials. However, shorter wavelengths are required for some optical semiconductor devices, so it is necessary to develop wide-gap semiconductors. Recently, compounds such as GaN, ZnSe, BN, and Sic have been studied. In addition, the authors have proposed the quaternary InGaAlN system in which a lattice matched double-heterostructure is possible for high performance light-emitting devices.2 This material has a direct gap from 2.0 to 6.2 eV. In this system, epitaxial growth of InN, GaN, AlN, InGaN, and AlGaN has been demonstrated on sapphire substrates by metalorganic vapor phase epitaxy (MOVPE).
rate was in the range of 0.2 to 0.4 pm/h. The thickness of samples used in PL and electrical measurements was about 0.5 ,um. The PL measurement was carried out using a He-Cd laser ( 10 mW, 325 nm). The carrier concentration and the mobility was measured at room temperature by Hall measurement using indium electrodes. The indium mole fraction of the films was estimated from the lattice constant along with the c axis measured by x-ray diffraction, assuming that the lattice constant changes linearly with the indium mole fraction.
The main problem in growing these materials has been with the indium containing compounds due to the very high equilibrium vapor pressure of nitrogen over InN, several orders of magnitude higher than that of AlN and GaN. In addition, composition control has only been achieved for relatively low growth temperatures, up to 650 oC.213 Crystalline quality is not good in general, and there have been no reports of photoluminescence (PL) in InGaN.
In this letter, we report the first successful InGaN growth at high temperature by MOVPE. We further show that the electrical properties of the films are improved by increasing the growth temperature and photoluminescence is reported for the first time in InGaN. The dependence of a near-band edge emission on indium mole fraction of InGaN are also described.
The relation between the indium mole fraction and the group III flow rate ratio [TMI/(TMI + TEG)] is shown in Fig. 1 . All the points plotted in this figure were singlecrystal samples with surfaces normal to c-axis. At a growth temperature of 500 "C, both the ammonia flow rate and the V/III flow rate ratio were fixed at 20 l/min and 20 000, respectively. This figure shows that the indium mole fraction varied linearly with the flow rate ratio of TM1 to (TM1 + TEG). The straight line indicates that the incorporation efficiency of indium and gallium into the lilms was equal at 500 "C. In the growth at 8OO"C, ammonia and TEG were supplied at 20 l/min and 17 pmol/min, respectively. Figure 1 shows that at 800 "C, the indium mole fraction increases steeply with the group III flow rate ratio when that ratio is more than 0.8, The incorporation effif ::ly , 8oT ~:
In xGa,,N F 0.8 -2 $-0.6 -W InGaN tis were grown on (0001) plane sapphire substrates by MOVPE in a vertical cold wall reactor. The sapphire substrates were decreased with organic solvents and sulfuric acid. The source gases were triethylgallium (TEG), trimethylindium (TMI) and the purified ammonia. Both the bubbling and carrier gases were nitrogen. The sapphire substrates were cleaned in hydrogen at 1150 "C ciency of indium was found to decrease with increasing temperature, probably because the vapor pressure of indium is higher-than that of gallium. The dependence of the carrier concentration and Hall mobility on the growth temperature of InGaN films is shown in Fig. 2 . All the samples showed n-type conduction. Carrier concentration gradually decreased with increasing growth temperature, to a value on the order of lo'* cm -3 at 800 "C. Hall mobility increased with the growth temperature up to about 100 cm2/V s at 800 "C. In addition, the PL intensity also improved dramatically with the growth temperature. The PL intensity of films grown at 800 "C was about 1000 times larger than that of films grown at 500 "C. Moreover, PL of the film grown at 800 "C could be observed from anywhere on the sample's surface, unlike the films grown at 500 "C! in which PL'could be observed only in some regions on the sample surface. Typical PL spectra of films grown at 800 "C are shown in Fig. 3 . Three peaks could be observed at 77 K. Using band-gap measurements made on InGaN polycrystals,4 we have identified the peak at 420 nm as the near-band edge emission. Other peaks appear to .correspond to emissions from deep levels. Figure 4 shows the dependence of the PL spectra-on the indium mole fraction for films grown at 800 "C. The GaN films had a sharp and strong peak a 365 nm correshonding to the band-to-band emission. With increasing indium mole fraction, this peak became weaker and shifted toward longer wavelengths. The second shortest wavelength peak in Fig. 3 probably originates from defects related to indium. In addition to the improvement of PL, the x-ray diffraction line width became narrower for growth at high temperature. The full line width at half maximum (FWHM) of the films decreased from 'iQ0 to 30 min by changing the growth ternperature from 500 to 800 "C. However, this line width is still qyite large in comparison with state-of-the art III-V material such as GaAs. The reason for this is thought to be the large lattice mismatch between the films and the sapphire substrate, and the fact that growth conditions are not yet optimized.
In conclusion, we have reported the successful growth of InGaN at 800 "C on (0001) sapphire substrates by MOVPE. Using this high growth temperature leads to better crystalline quality, which in turn leads to the first obs&vation of photoluminescence in InGaN. Band edge emission is seen at 77 K, and the dependence of the PL spectrum on indium mole fraction is also reported.
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